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A b s t r a c t  
The s l o p e  of t h e  energy dependence of t h e  n e u t r i n o  c r o s s  s ec -  
t i o n  has  been measured up t o  45 GeV us ing  a  f l u x  measurement ob- 
t a i n e d  from q u a s i e l a s t i c  e v e n t s  g i v i n g  t h e  va lue  a' = ,  - 6 7  t -  .15.  
The r a t i o  o f  a n t i n e u t r i n o  t o  n e u t r i n o  c r o s s  s e c t i o n  up t o  30 GeV 
has  been measured us ing  a s i m i l a r  t echn ique  and i s  found t o  be  
.41 + .I1 a t  a mean energy of 2 1  G e V .  The r e l a t i v e  energy depen- 
dence of t h e  n e u t r i n o  c r o s s  s e c t i o n  i s  a l s o  measured up t o  230 GeV 
and 1 0 0  GeV f o r  t h e  n e u t r i n o  and a n t i n e u t r i n o  c r o s s  s e c t i o n s .  I n  
t h e  former c a s e  e x c e l l e n t  agreement i s  found w i t h  a  l i n e a r  r i s i n g  
c r o s s  s e c t i o n  over  t h e  f u l l  energy range  
We have p r e v i o u s l y  r e p o r t e d  h i g h  energy n e u t r i n o  and a n t i n e u -  
t r i n o  t o t a l  c r o s s  s e c t i o n  measurements based on exper imenta l  d a t a  
I 
o b t a i n e d  w i t h  an unfocussed n e u t r i n o - a n t i n e u t r i n o  beam a t  FNAL. 
New d a t a  which have been t a k e n  w i t h  magnetic horn  f o c u s s i n g  and 
w i t h  an improved exper imenta l  s e t u p  a r e  r e p o r t e d  h e r e .  We a d d r e s s  
t h r e e  a s p e c t s  of  t h e s e  d a t a :  1) t h e  va lue  of aV ob ta ined  by a  
f l u x  independent  method which u s e s  q u a s i e l a s t i c  e v e n t s  f o r  n o r n a l i -  
z a t i o n ;  2 )  t h e  r e l a t i v e  energy dependence o f  t h e  n e u t r i n o  and a n t i -  
n e u t r i n o  c r o s s  s e c t i o n s  up t o  -230 GeV and 100 G e V  r e s p e c t i v e l y ;  
and 3 )  t h e  v a l u e  of av/av ob ta ined  i n  a  f l u x  independent  manner. 
The new d e t e c t o r  arrangement i s  d e s c r i b e d  i n  more d e t a i l  e l s e -  
where and c o n s i s t s  of a  l i q u i d  s c i n t i l l a t o r  i o n i z a t i o n  c a l o r i m e t e r  
which s e r v e s  a s  t h e  t a r g e t  f o r  n e u t r i n o  and a n t i n e u t r i n o  i n t e r a c -  
t i o n  and a  magnetic muon spec t rometer . '  Both c a l o r i m e t e r  and muon 
spec t rome te r  have been c a l i b r a t e d  wi th  hadron and muon beams. We 
n o t e  t h a t  t h e  bu lk  of t h e  n e u t r i n o  and a n t i n e u t r i n o  i n t e r a c t i o n s  
occu r  on c12 which i s  a n  I = 0 nuc l eus  ( equa l  number o f  neu t rons  
and p r o t o n s )  and f o r  which Glauber s h i e l d i n g  c o r r e c t i o n s  a r e  ex- 
pec ted  t o  be sma l l  p rov id ing  a n e a r l y  i d e a l  t a r g e t  f o r  n e u t r i n o  
i n t e r a c t i o n s .  
Ths e v e n t s  were recorded  d u r i n g  a  r u n  wi th  p ro ton  energy of 
300 G e V  and t h e  magnetic horn  s e t  t o  f o c u s  n e g a t i v e  p a r t i c l e s  (en- 
r i c h e d  a n t i n e u t r i n o  beam) and a t  4 0 0  GeV p ro ton  energy w i t h  pos i -  
t i v e  p a r t i c l e s  f o c u s s i n g .  Neutr ino and a n t i n e u t r i n o  i n t e r a c t i o n s  
a r e  i d e n t i f i e d  by t h e  s i g n  of t h e  muon cha rge .  For each event  t h e  
hadronic  energy and muon momentum were measured and i n  t u r n  t h e  Q 2 
and invariant mass W of the hadronic system obtained. 
The exclusive neutrino and antineutrino scattering channels 
such as the quasielastic process v + n + IJ- + p and A production; 
!J 
v + p -+ A + +  + u-  are observed to have two interesting properties: 
u 
1) the cross sections become energy independent at high energy and 
2) the cross sections for neutrino and antineutrino scattering be- 
come equal at high energy. These properties have been directly 
verified at somewhat lower energies and form the basis for our 
method to measure absolute cross sections. 3 2 4  Because of the ex- 
cellent energy response of a large liquid scintillation detector 
to low energy hadrons quasielastic and A production events are 
directly recognized in this experiment. The W distribution is 
shown in Fig. la combining neutrinos and antineutrinos. Figures 
lb and lc show the same distribution for events with Q~ < 1 and 
Q2 < . 5  ( ~ e ~ / c ) ~ ,  respectively. A clustering of events at low W 
centered on the N and A mass is observed. The continum contribu- 
tion at higher W is observed to diminish as Q 2  is reduced as ex- 
pected for deep inelastic scattering thus reducing the background 
under the quasielastic and A production events. In Fig. 2 is 
shown the Q2 distribution for the W cuts centered on the N and A 
mass of W < 1.2 GeV and 1.45 > W > 1.2 GeV, respectively. For 
comparison we show in Fig. 2 the theoretically expected distribu- 
tion which is know to fit the low energy quasielastic scattering 
2 data.' Below o2 of 0.6 GeV there is excellent agreement with the 
data, and the quasielastic and A production signal is essentially 
free of background. 
In the neutrino energy interval 10-30 GeV there are 19 quasi- 
elastic events and 468.4 neutrino events corrected for detection 
efficiency. Using the low energy determination of the quasielastic 
cross section4 a value of aV = 0.56 + .15 is obtained. Similarly, 
the combined quasielastic and A production events give a value of 
V 
aV = 0.67 + .15. These values of a are in very good agreement 
1 
with our previous measurement as shown in Fig. 3. As can also be 
seen in Fig. 3 there is excellent agreement between the value of 
aV obtained from the neutrino data and that expected on the basis 
of CVC, chiral symmetry and electroproduction data.' Our results 
v 
are also in agreement with the measurement of a at lower energies. 5 
The energy dependence of the total neutrino cross section was 
obtained by comparing the experimental energy distribution with the 
prediction of a monte carlo program using the method described in 
our previous work.' A further correction to this formula was in- 
troduced using recent particle production data obtained at 300 
G ~ v . ~  The resulting relative neutrino cross section is shown in 
Fig. 4. It is seen that the cross section rise is consistent with 
linear in energy over the energy range of 10-250 GeV in remarkable 
agreement with the expectations of Rjorken scaling.7 Using the 
absolute value of the cross section obtained at low energy from 
quasielastic and A production data an absolute cross section scale 
is obtained as shown in Fig. 4. However, it should be noted that 
this scale has an uncertainty of approximately 20% due to the un- 
v 
certainty in a at low energy. In a similar way the antineutrino 
relative cross section is obtained and reported in Fig. 5. Again 
the data are consistent with a linear rise up to a100 GeV. 
Combining t h e  measurement o f  av a t  low energy and t h e  l i n e a r  
r i s e  o f  t h e  c r o s s  s e c t i o n ,  l i m i t s  on t h e  energy v a r i a t i o n  of a v 
are ob ta ined  and r e p o r t e d  i n  F ig .  6 .  
- 
The r a t i o  av/av w a s  c a l c u l a t e d  u s i n g  t h e  q u a s i e l a s t i c  and A 
produc t ion  e v e n t s  f o r  bo th  n e u t r i n o  and a n t i n e u t r i n o s  and assuming 
t h e  e q u a l i t y  of  t h e s e  c r o s s  s e c t i o n s .  From t h e  sample o f  30 a n t i -  
n e u t r i n o  and 30 n e u t r i n o  q u a s i e l a s t i c  and A produc t ion  e v e n t s  w e  
- 
v 
o b t a i n  a v a l u e  o f  a /av = . 4 1  + .11 a t  a  mean energy of 21  GeV, 
i n  good agreement w i t h  o u r  p r e v i o u s  measurement. It should b e  no ted  
- 
t h a t  a l though  t h e  s t a t i s t i c a l  e r r o r  on t h e  va lue  o f  av/av i s  l a r g e ,  
t h e  p r e s e n t  measurement does  n o t  depend on t h e  r e l a t i v e  n e u t r i n o  
- 
and a n t i n e u t r i n o  f l u x e s .  The measured v a l u e  o f  av /av  i s  c l o s e  t o  
5  t h e  va lue  measured a t  low energy of 0.38 + . 0 2  and i s  i n  good 
agreement w i t h  t h e  expected va lue  ob ta ined  f o r  t h e  n e u t r i n o  and 
a n t i n e u t r i n o  i n t e r a c t i o n s  on r e l a t i v i s t i c  s p i n  1 / 2  fermion c o n s t i -  
t u e n t s  such a s  f o r  t h e  p a r t o n  model. 8 
We have r e p e a t e d  t h e  measurement of  t h e  n e u t r i n o  and a n t i n e u -  
t r i n o  t o t a l  c r o s s  s e c t i o n s  and o b t a i n e d  a  good agreement w i th  o u r  
p rev ious  experiment. '  The l i n e a r  r i s e  of  t h e  t o t a l  n e u t r i n o  c r o s s  
s e c t i o n  i s  shown t o  ex tend  above 1 5 0  GeV and t h e  measured v a l u e s  
- 
of aV and av /av  a r e  i n  e x c e l l e n t  agreement w i t h  t h e  tw in  hypothe- 
s i s  of CVC and c h i r a l  symmetry. Conversely ,  t h e s e  r e s u l t s  can b e  
viewed a s  s t r e n g t h e n i n g  t h e  ev idence  f o r  s p i n  1 / 2  r e l a t i v i s t i c  f e r -  
mions i n  t h e  nuc leon .  
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